Running title: Modulation of intracellular pH at the subcellular level during human 3 sperm capacitation and its role in hyperactivated motility 4 Summary statement: Human sperm display differential pHi regulation at the 12 subcellular level upon capacitation, involving the participation of PKA kinase 13 signaling pathway and several membrane transport proteins, culminating in 14 hyperactivation. 15
INTRODUCTION 34
The concentration of H + is a ubiquitous regulatory element for most biochemical 35 reactions and it has relevance in many physiological processes, including sperm 36 function (Nishigaki et al., 2014) . It has been widely recognized that mammalian 37 sperm must undergo a series of maturation steps in order to develop full fertilizing 38 capabilities; such processes are collectively known as capacitation, and in vivo they 39 only take place once sperm are inside the female reproductive tract (Austin and 40 Sakkas, 1951; Chang, 1951) . Intracellular pH (pHi) plays a pivotal role in 41 capacitation, controlling various key proteins involved in it. . Notably, the subcellular localization of these HCO3transporters differs from 85 that of the H + extruders (i.e. Hv1 and sNHE), with some of the former being mainly 86 localized in the head, and to some extent in the midpiece, but not in the principal 87 piece (Liu et al., 2012; Nishigaki et al., 2014) . This suggests that pHi might be 88 differentially regulated throughout the cell, presumably through the participation of 89 different proteins. 90 A few studies have provided evidence of the net pHi increase that occurs during 91 capacitation, by measuring initial and end point pHi (Cross and Razy-Faulkner, 1997; 92 Lopez-Gonzalez et al., 2014). But despite the importance of pHi in sperm physiology, 93 there have been no examinations of pHi kinetics throughout the entire capacitation 94 process, nor have they been tracked in distinct sperm cell regions. Conducting such 95 studies in sperm cells poses unique experimental challenges given their complex 96 morphology, motility and asymmetrical anatomy, which results in highly 97 compartmentalized physiological cell signals (Buffone et al., 2012) . 98 We recently developed a completely novel strategy to analyze intracellular events in 99 a statistically relevant number of cells, using image-based flow cytometry along with 100 a segmentation process that provides spatial resolution within individual sperm cells 101 (Matamoros-Volante et al., 2018). In the present work, we employed this technique 102 to investigate pHi kinetics at the subcellular level during human sperm capacitation. 103
We found that, upon the cells' contact with capacitation medium, pHi remained 104 constant in the midpiece, while it increased in the head and in the principal piece, 105 displaying different kinetics. Using pharmacology, we found that multiple proteins 106 mediate the observed pHi changes, with their involvement being distinct in the head 107 and in the principal piece. Lastly, motility measurements indicated that these proteins 108 are required for hyperactivation, but not to maintain total motility. Altogether, our 109 results suggest that pHi modulation in human sperm involves the participation of an 110 entire set of proteins, with the pHi changes being orchestrated in a localized, and 111 possibly time-dependent fashion. 112 changes in human sperm cells using an image-based flow cytometer ( Fig. S3A-B ). 119
To demonstrate that our previously reported segmentation process (Matamoros-120 Volante et al., 2018) was suitable for measuring pHi changes in distinct sperm cell 121 regions ( Fig. S3C -D), we exposed BCECF-loaded sperm cells to an alkalizing agent 122 (20 mM trimethylammonium, TMA) known to produce a sustained pHi increase of 123 around 0.4 units (Alasmari et al., 2013) . As described in Materials and Methods, cell 124 regions were arbitrarily considered to have a high pHi if their fluorescence value was 125 higher than those of the third quartile in the NC condition. Then, in order to determine 126 whether any given treatment had an alkalizing effect on pHi, the change in the 127 percentage of subcellular regions with high pHi (Δ%) was calculated with respect to 128 that of the corresponding NC condition, after having eliminated outliers (i.e. those in 129 the top 5%). When cells were exposed to 20 mM TMA, we observed a reproducible 130 increase in the percentage of cells exhibiting high pHi (Δ%) in each of the three 131 distinct subcellular regions analyzed, i.e. head, midpiece and principal piece ( were statistically significant for all three cell regions, confirming the reliability of our 136 technique 137
We then studied the pHi dynamics in each subcellular region during capacitation, 138 triggered by exposure to capacitation medium ( Fig. 1 ). Representative images of 139 cells at different capacitation time points are shown in Fig. 1A . As seen in Fig. 1B,  140 there was a significant increase in the percentage of cells with high head pHi (hd-141 pHi) after the initial exposure to capacitation medium (t=0 min), (Δ%=17, p<0.0001). 142 Δ% reached a maximum after 15 minutes (Δ%=21, p<0.0001), and although it 143 gradually dropped and leveled off at Δ%~16, the increase in the percentage of cells 144 with high hd-pHi was statistically significant up to 240 minutes of capacitation 145 (p<0.0001). Similar dynamics were observed when the pHi was measured in the 146 principal piece (pp-pHi), though the changes in Δ% were not as pronounced ( Fig.  147 1B). The increase in the percentage of cells with high pp-pHi became statistically 148 significant only after 15 minutes of capacitation (Δ%=10, p=0.0023), reaching a 149 maximum at 30 minutes (Δ%=15, p=0.003). Δ% value then dropped to ~9 after 45 150 minutes and remained essentially constant up to 240 minutes of capacitation, though 151 the increase in Δ% was no longer statistically significant throughout this time period. 152
In contrast, the change in the percentage of cells with high midpiece pHi (mp-pHi) 153 consisted overall of a slight and gradual decrease throughout the entire capacitation 154 period analyzed, though the observed differences were never statistically significant 155 ( Fig. 1B) . These results display similar statistics when the pooled fluorescence 156 values for all the subcellular regions measured from all donors are analyzed as 157 boxplots (Fig. 1C ). The fact that, unlike the other two subcellular regions, the mp-pHi 158 remained unchanged was rather surprising to us, and even though we were able to 159 detect a statistically significant pHi increase in the midpiece using TMA (Fig. S3E ), 160
we wanted to verify that this was not simply due to a limitation in our experimental 161 methodology, which could potentially be preventing the reliable detection of 162 fluorescence changes in the midpiece. To this end, we incubated sperm cells with 163 250 nM MitoTracker Green FM, a mitochondrial-specific fluorescent dye that has 164 been employed as a marker for membrane mitochondrial potential (Sousa et al., 165 2011). We then triggered a change in fluorescence by challenging these cells with 1 μM CCCP (carbonyl cyanide m-chlorophenyl hydrazine), a mitochondrial electron 167 transport system disrupter. A clear reduction of MitoTracker fluorescence was 168 detected in the midpiece (data not shown), thus indicating that our mp-pHi 169 measurements are reliable. Given that no significant changes in mp-pHi were 170 detected during capacitation, we decided to analyze only the head and principal 171 piece regions in all further pHi dynamics studies. 172
Before proceeding any further, however, we wanted to verify that our experimental 173 conditions were not causing cell damage due to BCECF phototoxicity, even though 174 this was not expected to occur since cells were illuminated for a very short time 175 (milliseconds) during data acquisition. However, BCECF was present in the cell 176 samples up to 6 hours of capacitation, with aliquots being taken for measurements 177 at different time points. To explore whether this exposure was deleterious to the 178 cells, we used PI as a marker for viability. We did not find change in the percentage 179 of viable cells after either 1 or 6 hours of incubation with BCECF, compared to the 180 NC unstained cells ( Fig. S4A ). Additionally, we wanted to exclude the possibility that 181 any measured pHi increases were simply caused by the time that cells spent in 182 incubation. To this end, we incubated cell samples during 1 and 6 hours in a NC 183 medium. As seen in Fig. S4B -C, no significant changes in pHi were observed at 184 either of these two time points in any of the three subcellular regions. Altogether, 185 these data indicate that the observed pHi increases are a result of incubation in the 186 presence of capacitation medium. 187
Absence of HCO3or blockage of HCO3influx prevent pHi increases during 188
capacitation in both the head and the principal piece. When sperm are 189 ejaculated they are exposed to a higher extracellular concentration of HCO3 - ( S2B). During capacitation, NBC blockage did not prevent the pHi increases in the 213 head nor in the principal piece ( Fig. 3A-B ).
Previously, we reported that pharmacological blocking of CFTR produces 215 cytoplasmic acidification after 5 hours of capacitation (Puga Molina et al., 2017). 216
Since this channel can also transport HCO3into the cell, we used Inh-172, a specific 217 CFTR antagonist, to explore the role of CFTR in the observed alkalization of 218 subcellular regions. During capacitation, there is a decrease in the percentage of 219 cells with high hd-pHi, though it is statistically significant only at 240 min ( Fig. 3A-B ). 220
Inhibition of CFTR did not affect the pHi increase in the principal piece ( Fig. 3A-B , 221 for alkalization that we observed is linked to PKA pathway activation. We tested this 236 possibility by incubating sperm with either H89 (30 µM), a PKA inhibitor, or KH7 (50 237 µM) an ADCY10 antagonist. While neither inhibitor affected Δ%A in the head during 238 capacitation ( Fig. 4A-B ), both diminished it in the principal piece, though the 239 decrease was statistically significant only at 240 min (p=0.032 and 0.0285 240 respectively) ( Fig. 4A ). However, when fluorescence data are compared through 241 boxplots ( Fig. 4B ), the reduction in the BCECF fluorescence in the principal piece 242 was statistically significant at all capacitation time points (p<0.0306) for H89, and 243 only at 240 min for KH7 (p=0.0182). Additionally, preincubation under NC conditions 244 with H89 reduced Δ% of cells with high pp-pHi ( Fig. S2C ). 245
Inhibition of Hv1 prevented alkalization in the principal piece but not in the 246
head. Previous reports have demonstrated that, upon capacitation, Hv1 activity 247 increases in human but not in mice sperm . We thus tested 248 whether Hv1 were involved in the observed increases in hd-pHi and pp-pHi by 249 incubating cells with 200 µM Cl-GBI, a specific Hv1 antagonist (Hong et al., 2014) . 250
Cl-GBI had no significant effect on Δ%A in the head ( Fig. 5A increase was strongly inhibited by Zn 2+ in the principal piece at all capacitation times 259 (p<0.0339), the reduction was significant regardless of the analysis (Fig. 5A-B ). 260
These data confirm the participation of Hv1 in human sperm pHi regulation, but also 261 corroborate that at least in the head other proteins must be participating in the control 262 of pHi in that cell region. we showed that Hv1, HCO3influx, and to a lesser extent CFTR, are required for the 268 pHi increases during capacitation. Employing a CASA system, we explored whether 269 inhibition of these proteins and the lack of HCO3affected sperm hyperactivation. 270
Interestingly, none of these conditions produced a change in total motility compared 271 to control conditions during the explored time window (Fig. 6A) . In contrast, all these 272 treatments caused, to varying degrees, reduction in the percentage of cells that 273 displayed hyperactivated motility, compared to control conditions. For instance, both 274 Hv1 inhibition and the absence of HCO3in the medium completely prevented 275 hyperactivation (p<0.0310) ( The evidence provided here suggests that different proteins are involved in pHi 349 regulation in different sperm subcellular regions. We propose that HCO3 -350 transporters in the head (yet to be identified) are responsible for the initial and 351 sustained HCO3uptake. It is then possible that diffusion of HCO3 -(or a second 352 messenger) occurs from the head to the flagellum, which would explain the delay in 353 pHi increase observed in the principal piece between, compared to the head. 354
The initial HCO3influx, known to activate a PKA pathway, could presumably also 355 participate in the initial pHi increase. According to previous studies conducted by our 356 group, PKA blockage with H89 causes strong cytoplasmic acidification in to generate such alkalization in the head. Unexpectedly, the presence of Zn 2+ 372 caused a reduction of pHi in the head after 4 hours of capacitation. This effect is 373 presumably due to a Zn 2+ target other than Hv1, since it was not observed with the 374 specific Hv1 inhibitor Cl-GBI. Although Zn 2+ is important for sperm physiology, little 375 is known about the Zn 2+ transporters that operate in human sperm. Nonetheless, the 376 presence of at least some members from the Zip and ZnT families has been 377 described (Foresta et al., 2014) . Transport of Zn 2+ in and out the cell is generally 378 coupled to the transport of another ion. The Zip protein family consists of symporters 379 that couple Zn 2+ entry together with HCO3 -. Given that the medium used to induce 380 capacitation in vitro contains a high concentration of HCO3 -, it is conceivable that the 381 addition of Zn 2+ enables such cotransport activity to take place. If this is the case, 382 once Zn 2+ accumulates in the cell, it could potentially be extruded via ZnT 383 transporters. These function as antiporters with H + , thereby explaining the observed 384 acidification in the head at 4 hours of capacitation. Interestingly, we observed that 385 inhibition of Hv1 causes a decrease of pHi in the principal piece, even under 386 conditions that do not promote capacitation, suggesting that this channel is also 387 active and participates in pHi regulation prior to capacitation. 388
Inhibition of Hv1 abolishes alkalization in the principal piece throughout the entire 389 capacitation time window explored, rather than just initially. The existence of a 390 mechanism maintaining Hv1 activity is therefore expected. It has been reported that 391 (Kirichok et al., 2006) . Genetic ablation of CatSper produces infertility 422 because sperm fail to hyperactivate (Qi et al., 2007) . In some models, the 423 intracellular alkalization mediated by Hv1 has been proposed to act as a signal that 424 opens CATSPER, in turn triggering and maintaining hyperactivated motility (Lishko 425 and . Besides, proteins of the glycolytic machinery related to ATP 426 production are required to sustain hyperactivation and the dynein-ATPase 427 necessary to axonemal functionality is also pHi dependent (Mannowetz et al., 2012; 428 Ui, 1966) . Altogether, the available evidence suggests a tight relationship between 429 pHi and sperm hyperactivation. In the present work, we demonstrate for the first time 430 that pharmacological inhibition of Hv1 reduces hyperactivation, while leaving total 431 motility unchanged. In fact, with the exception of NBC inhibition, the effect on 432 hyperactivation brought about by our experimental treatments always mirrors their 433 effect on pHi in the principal piece. In other words, conditions that completely prevent 434 alkalization in the principal piece (i.e. either Cl-GBI or medium lacking HCO3 -) also 435 reduce hyperactivated motility. Conversely, CFTR inhibition, which elicits a minor 436 decrease on pHi, reduces hyperactivation only slightly. Such a correlation is not 437 apparent upon NBC inhibition, as hyperactivation does not occur, even though the 438 pHi increase in the principal piece is similar in magnitude as the one observed under 439 control conditions. In this case, however, mere preincubation with the inhibitor 440 causes an initial reduction in pHi prior to capacitation, and it is thus conceivable that 441 despite alkalization occurring during capacitation, pHi does not reach the necessary 442 threshold to promote hyperactivation. Thus, while we found the relationship between 443 hyperactivation (%) and pHi increase in the principal piece to be exponential, 444 alkalization might need to be high enough to reach a certain threshold in order for 445 hyperactivation to occur. 
Image based-flow cytometry data analysis 536
Image-based flow cytometry-derived images were analyzed with IDEAS® software 537 version 6.2 (Amnis, USA) using a previously reported analysis strategy designed to: 538 a) discriminate non-sperm events (doublets, debris, etc.), unfocused images, and 539 dead cells (positive to PI); and b) perform segmentation of sperm images in order to selectively analyze three distinct sperm cell regions, namely the head, the midpiece, 541 and the principal piece (Matamoros-Volante et al., 2018). After completing the 542 formerly described selection and segmentation processes, anywhere between 1,000 543 and 2,000 cell regions per treatment remained for analysis from each of the semen 544 samples (n=3 to 9). For each treatment, fluorescence histogram data (e.g. Fig.S1A ) 545 from the various semen samples were pooled into boxplots (e.g. Fig. S1B ) for each 546 of the three analyzed cell regions. In order to identify pHi increases across sperm 547 populations subjected to various treatments and/or capacitation time points, only cell 548 regions exhibiting a fluorescence value higher than those of the third quartile in the 549 NC condition (i.e. falling to the right of the dashed line in Fig. S1A-B the difference between those percentages (Δ%) was calculated as follows: Δ%=%T-555 %NC (e.g. Fig. S1C ). In many cases, the %NC value under altered conditions 556 (%NCA) (i.e. absence of HCO3or presence of a blocker) was significantly lower than 557 that of %NC (e.g. Fig. S1B-C) , resulting in negative Δ% values (e.g. Fig. S1C ). To 558 enable side-by-side comparisons of pHi kinetics, we adjusted Δ% values for altered 559 conditions to start at zero (i.e. equal to the NC condition) through an alternative 560 calculation: Δ%A =%TA -%NCA (e.g. Fig. S1D ). With this normalization, the effect of 561 each treatment is measured with respect to its corresponding initial NC condition 562 (NC or NCA). However, in order to appreciate the effect of pre-incubation with 563 blockers on the initial %NCA value, we also show all pHi kinetics plots using %NC 564 for all Δ% calculations ( Fig. S2A-D 
Statistical analysis 567
Results from image-based flow cytometry are presented as boxplots of the pooled 568 fluorescence values for all analyzed cell regions from all donors using the median 569 fluorescence value at each condition divided by the median fluorescence value of 570 the NC condition (e.g. Fig S1B) . The corresponding calculated Δ% and Δ%A values 571 are presented as mean +/-s.e.m. Differences in these values were assessed using 572 two-way ANOVA, considering capacitation time (e.g. NC, 0, 60, 240 min, etc.) as 573 one factor, and treatment (e.g. Control, Inh-172, Cl-GBI, etc.) as the second factor. 574
Motility measurements are presented as mean +/-s.e.m. and statistical differences 575 assessed also with two-way ANOVA. The Tukey test was subsequently applied to 576 determine differences between treatments. A probability (p) value <0.05 was 577 considered a statistically significant difference. GraphPad Prism version 6 578 (GraphPad, USA) was used for statistical analysis. ggplot2 library (Wickham, 2009) conditions. Data were compared using two-way ANOVA with incubation time as one 902 factor, and treatment as the other factor. *p<0.05, **p<0.01, ***p<0.001. 903 value for the entire sperm population from each donor, consisting of at least 1,000 982 cells each (n=10 control, n=5 for Cl-GBI and Zn 2+ ). C. Three representative images 983 of cells capacitated for 240 min under the indicated conditions. Data were compared
